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Abstract— Herein, we develop an enhanced and automated 
methodology for detection of the tumour cells in fixed biopsy 
samples. Metamaterial formalism (MMF) approach allowing 
recognition of tumour areas in tissue samples is enhanced by 
providing an advanced technique to digitize mouse biopsy images. 
Thus, a colour-based segmentation technique based on the K-
means clustering method is used allowing for a precise 
segmentation of the cells composing the biological tissue sample. 
Errors occurring at the tissue digitization steps are detected by 
applying MMF. Doing so, we end up with the robust, fully 
automated approach with no needs of the human intervention, 
ready for the clinical applications. The proposed methodology 
consists of three major steps, i. e. digitization of the biopsy image, 
analysis of the biopsy image, modelling of the disordered 
metamaterial. It is worthwhile mentioning, that the technique 
under consideration allows for the cancer stage detection. 
Moreover, early stage cancer diagnosis is possible by applying 
MMF. 
 
Index Terms—cancer; metamaterial. 
 
I. INTRODUCTION 
Cancer is one of the leading reasons of death worldwide. In 
this relation, its diagnosis is crucial to start therapies [1]. The 
apoptosis of cancer cells plays a pivotal role in shaping of 
organs in tandem with cell proliferation, regulation, and the 
removal of defective as well as excessive cells in immune 
system [2-4]. Consequently, it is important to create precise 
recognition technologies that can confirm if the biological 
tissue is cancerous. 
The key feature of the cancer affected tissue is the presence 
of the glioma cells in the sample. Current approaches in 
distinguishing healthy-tumour areas mainly focus on 
fluorescent, immunological, and morphological differences 
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highlighted by different staining, intrinsic autofluorescence and 
decretive microscopy methods rather than on the “metamaterial 
formalism (MMF)” of the diseases. Fluorescence microscopy 
and immunofluorescence methods stand for as the main 
approaches aiming to identify and analyze tumor cells by 
imaging specific markers that depend on the phenotypes of the 
tumor cells [5]. Nevertheless, the former seems to be quite 
challenging issue. Specifically, manual calculations and 
assessment by qualified specialists are requested. The former 
are prone to develop biased criteria and fatigue over time. 
Doing so, one may face the erroneous conclusions based on 
data. An implemented framework that can handle high data 
throughput in both, the hardware and software is needed 
seeking for the reliable reproducibility and deterministic 
interpretation. Thus, a drastic minimization of the human 
intervention can be achieved [6]. The MMF is an enhanced toll 
providing a fertile ground for the design of the entirely 
computerized system. It is worthwhile mentioning, that in this 
case human involvement is not needed. Thus, biological tissue 
is treated as the disordered metamaterial model. Moreover, the 
former approach allows to significantly reduce possibility of 
errors that are possible at the tissues digitizing stage. The MMF 
allows to calculate the critical minimum of the glioma cells in 
the biopsy sample thus recognizing developing tumour that 
might help to prevent the early stage cancer. It is becoming 
possible to “see the metamaterial features” in the biological 
tissue samples with the development of the effective medium 
approximation techniques. The advantage of this approach lies 
in its ability defining the biological tissue as the metamaterial 
structure.  
A large knowledgebase has been created thanks to the recent 
studies of metamaterials [7-9]. Thus, the significance of the 
MMF for dealing with biological challenges [10-12] is clearly 
observed. Sensing, chemical and biomedical applications are 
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possible thanks to the recent studies of electromagnetic 
radiation in THz frequency range. THz metamaterials are 
composed of periodically arranged sub-wavelength metal 
structures. It should be stressed that biological tissue can be 
treated form the perspectives of the disordered metamaterials 
[13-15] theory in terms of the distribution of the cells 
composing the structures. Doing so, the MMF is widely 
applicable to treat the biological processes. 
During past years the calculation of effective permittivity of 
biological tissue nonlinear characteristics in frequency domain 
being serious challenge received tremendous attention [16, 17]. 
To the best of our knowledge, there is no study proposing 
application of MMF aiming to conclude if the sample is 
cancerous. This work evaluates the effective permittivity of 
biological tissue giving a full credit to the MMF. Here we imply 
a theoretical study of effective permittivity in biomaterials 
deliberately for the mouse models. Recognition of cancerous 
tissues is possible because of the precise determination of the 
effective permittivity of the tissue samples. 
The rapid development of machine learning and especially 
deep learning allows for the significant improvement of the 
accuracy of cancer screening [18]. Machine learning algorithms 
can assist in analysing large amounts of data and solving 
complicated problems in a precise and fast way [19, 20]. It can 
extensively assist physicians to improve the accuracy and 
efficiency in diagnosing cancer, choosing appropriate 
therapeutic approaches and predicting long-term outcomes. 
Artificial intelligence (AI) [21] usually deploys a subset of 
machine learning technics that identify patterns in data and train 
a machine how to learn [22]. Giving the full credit to all the 
advantages possessed by the developed methodologies, the 
main their drawback should be considered. The former appears 
due to the tremendous computer resources needed to deal with 
challenges. The application of the MMF will allow for a more 
efficient detection and identification of cancerous samples with 
much less computer resources due to the applied effective 
medium approximation techniques. 
At the first time to our knowledge, here we manage to 
formalise the biological tissues as a metamaterial helping in 
discriminating non and cancerous areas in the brain tissues. The 
obtained effective permittivity values were dependent on 
various factors, including the amount of different cell types in 
the sample and their distribution. Moreover, the recognition of 
the cancerous areas will be proposed based on their effective 
medium properties. The MMF can make a dramatic impact on 
the development of methodological approaches seeking for a 
precise identification of pathological tissues and would allow 
for more effective detection of cancer-related changes. 
To our best knowledge, there is no study applying MMF for 
recognising the cancerous tissues. In the research we will 
deploy a theoretical analysis of the effective permittivity of 
materials aiming to explore the acceptability of the models [35] 
to treat biological tissues by providing a significant 
enhancement at the tissue digitization stage. 
II. MMF APPROACH 
The structure of the fully automated MMF approach is in the 
form of several steps, i. e. digitization of the biopsy image, 
digitized image analysis, modelling of the disordered 
metamaterial (Fig. 1). For understanding whether the examined 
biological sample is non-cancerous, it is required analyse it in 
terms of the effective medium approximation [23]. The 
applicability of the MMF becomes feasible when the 
distribution of the cells is clearly identified in the sample under 
investigation. Consequently, we will apply image digitizer 
techniques seeking for the identification of all morphological 
and functional cell types and their exact positions. Thus, the 
coordinates of the mouse brain biological tissue cells will be 
clearly depicted in samples. It is of particular importance to 
have a deep insight at the filling ratio of each type of the cells 
identified in the in the histograms aiming to treat the obtained 
biological tissue image form the perspective of the MMF. 
Furthermore, the optical properties of the cells should be 
described by Debye and Cole-Cole models [24]. Thus, the 
complex dielectric spectrum of all cell types is provided in ε(ω) 
space. A schematic illustration of the MMF-based approach is 
presented in Fig. 1. The biopsy image is to be digitized at the 
initial stage of the data processing. It might be performed by 
choosing one of three approaches, i. e. K-means clustering, 
differential evolution algorithm or Digitizeit software. At the 
next algorithmic step the obtained information is analysed in 
creating defined cell databases. Moreover, in further proceeding 
the application of the disordered metamaterial model, cells 
distribution within biopsy images should be accurately 
positioned. Particularly, we are interested in assessing the cell 
geometry, their shapes and sizes and cell location coordinates 
in the sample. These parameters be used in full can finally 
create the disordered metamaterial model. Aiming in 
proceeding further with the accomplished model, cells 
permittivities are identified seeking for a homogenization of the 
structure in use by means of the effective medium 
approximation. All the presented steps might be fully 
automated by employing artificial intelligence approach. 
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Figure 1. A scheme of the metamaterial-based algorithm 
approach in distinguishing precise location of the tumour 
locus 
2.1 Dataset composition 
Work carried out at the department of interventional 
radiology of Orel Regional Clinical Hospital (Orel, Russia). 
The study was also approved by the Ethics committee of Orel 
State University (record of the meeting No. 14 of 24.01.2019) 
and was carried out in accordance with the 2013 Declaration of 
Helsinki by the World Medical Association. Patients scheduled 
for a regular needle biopsy for a suspected liver malignancy 
were recruited for study participation. The lesions had to be 
safely accessible. Patients at increased risk of bleeding were 
excluded. After receiving the description of the protocol, the 
patients signed informed consent indicating their voluntary 
willingness to participate in the study. The experiments were 
conducted under established protocols. The measurements were 
performed during standard needle biopsy procedure in 15 
patients (6 male, 9 female) with supposed liver cancer, the 
median age was 66 yr (range 45 to 78 yr). 
The procedure was carried after the proper skin disinfection 
and injection of a local anesthetic (2% lidocaine hydrochloride 
solution). At each selected site, the surgeon inserted a 17.5G 
needle 1.3 mm into the liver tissue. We followed by the standard 
procedure of the biopsy sampling and histological examination. 
The tumor tissue samples were fixed with 10% neutral-buffered 
formalin, dehydrated, and embedded in paraffin. 
Approximately 5-μm-thick sections were stained by 
haematoxylin and eosin method according to standard 
procedures. Histological specimen was examined with a Leica 
DM2000 microscope at a magnification of × 100; × 200; × 
400.The resulting tissue slices were examined by light 
microscopy by an experienced pathologist. Digital images of 
various fields of view were obtained using a Leica DFC295 
camera, 4 micrographs at each magnification. 
 
2.2 K-means clustering  
K-means is extensively applied clustering approach aiming 
to partition data into k clusters [25, 26]. Clustering is an 
approach which is based on collecting two types of the data 
points, with analogous feature vectors into a single cluster and 
with different feature vectors into other clusters. Basically, 
feature space selection is a key point in K-means clustering 
segmentation. An RGB colour map comprises R, G, and B 
values for each item. The RGB colour space is further converted 
to a CIELab colour model (L*a*b*) [27] aiming to extract 
significant features aiming to benefit from the clustering 
approach. The L*a*b* space involves a luminosity layer L*, a 
chromaticity-layer a*, which indicates where colour falls along 
the red-green axis, and chromaticity-layer b*, which indicates 
where the colour falls along the blue-yellow axis. Both the a* 
and b* layers comprise all mandatory colour information. This 
way allows to classify the colours in the a*b* space by means 
of K-means clustering. When the clustering process is fulfilled, 
the cluster comprising an area of interest is designated as the 
primary segment. To remove the pixels which are not related to 
the selected cluster, histogram clustering may be applied by 
luminosity feature L* aiming to derive the final segmented 
result.  
 
2.3 Differential evolution algorithm 
The automatic detection of cancer cells still stands for as an 
unresolved problem in medical imaging. The examination of 
the obtained images has stimulated an unprecedented interest of 
the researchers from the areas of medicine and computer vision. 
It is worthwhile noting, that cancer cell can be approximated by 
an ellipsoid form. Doing so, one may successfully apply an 
ellipse detector algorithm aiming to identify such elements. We 
have applied the automatic recognition of the cancerous cells 
implanted into complex and cluttered smear images. Thus, the 
complete process is treated as a multi-ellipse detection task. The 
detection task is transformed into an optimization issue that 
represent candidate ellipses. The former procedures are dictated 
by the approach, which is based on the DE algorithm. An 
objective function stands for to evaluate if such candidate 
ellipses are present in the edge map of smear image. Guided by 
the values of such function, the set of encoded candidate 
ellipses (individuals) are evolved using the DE algorithm so that 
they can fit into the WBC which are enclosed within the edge 
map of the smear image. 
 
2.4 Digitizeit software 
For the sake of identification the position of cells comprising 
the tissue sample, segmentation algorithms are needed to locate 
the anticipated region boundaries and label all cells within a 
single continuous boundary as belonging to one region. 
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Datasets of the cell types are designed based on the geometry, 
colour and size of the cells. Doing so, a variety of measurements 
can be made using established methods [28]. One may take an 
advantage from this approach by the reduced analysis time [29]. 
We apply https://www.digitizeit.de/ software to recognize the 
cell sets forming the considered tissue. Doing so, one may 
benefit from the faster operation time in comparison with 
OpenCV [30] for C# in Microsoft Visual Studio. On the 
contrary, the identification algorithm based on Otsu 
thresholding will require significant computer resources. The 
former is known is a threshold algorithm for image 
segmentation [31]. To conclude, our applied technique has a 
faster run time and requires less computer resources than cancer 
cell detection methods implemented with OpenCV [30] for C# 
in Microsoft Visual Studio. It is a perfect tool aiming to obtain 
a digitized view of the biopsy sample under consideration, that 
will be treated as a disordered metamaterial media at the later 
stages of consideration. It is worthwhile noting, that 
fluorescence microscopy and immunofluorescence methods are 
used as the conventional techniques for tumor cells detection 
and assessment. Aiming to fulfil these procedures imaging of 
specific markers that are dramatically affected by the 
phenotypes of the tumor cells is needed [32]. Nevertheless, 
application of such approaches is quite challenging and 
complicated issue. Seeking for the reliable reproducibility and 
deterministic interpretation implementation of a framework that 
can handle high data throughput in both, the hardware and 
software is of particular importance. Thus, human intervention 
can be significantly reduced [33]. 
 
 
2.5 Calculation of the effective permittivity of the 
disordered metamaterial model 
The MMF is a perfect tool aiming to create the entirely 
computerized system. It is worthwhile mentioning, that in this 
case human involvement is not needed. The techniques created 
allow to calculate the critical limit of the glioma cells which 
allow to delimitate the tumour boundaries that in turn give 
opportunity to identify cancer at the early stages [35]. As saying 
whether the biological tissue is non-cancerous, biopsy sample 
image is to be analysed using the effective medium 
approximation [34]. One may apply the MMF method if the 
distribution of cells in the considered medium is clearly 
identified in terms of the distribution of the cells in the sample. 
Doing so, image digitizer techniques are applied aiming to have 
a deep insight in to the exact coordinates of the cell sets 
combining the sample. It should be mentioned, that the 
coordinates of the glioma, glia and neuronal cells were clearly 
demonstrated in [35]. Aiming to apply the MMF approach, the 
optical properties of the cells should be characterized by Debye 
and Cole-Cole models [36]. In this relation, the complex 
dielectric spectrum for all cell types is shown in ε(ω) space.  
Aiming to have a deep insight into the nature of the biopsy 
sample under investigation, creation of the permittivity model 
for brain tissue biopsies is of particular importance. A typical 
theory attained on the basis of empirical formula [36] is Debye 
model. Other widely applied permittivity models based on 
binary mixtures do not account for the frequency domain, for 
instance, the Bottcher-Bordewijk model [37], Maxwell-Garnett 
formula [38], Bruggeman formula [39] and Hanai formula [40]. 
It should be mentioned, that the Bottcher-Bordewijk model 
allows for a feasible prediction of the permittivity of the 
medium [41], i. e. effective permittivity of the biological tissue 
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In this case cell structure is of a random nature possessing some 
predictable average properties such as cell size and cell 
distribution density. It can be modelled by an aggregated of 
randomly distributed spherical shells. This model can be 
applied aiming to describe the two constituent materials. 
Another famous model put forward by Skipetrov [42] can be 
applied dealing with the two-phase system. The former is found 
by solving Eq. (1) with respect to εeff, i. e. 
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denotes the permittivity of the neuron cells,  ε2  - of the glioma 
cells, f1  and f2 are the volume fractions of each cell type 
accordingly. Furthermore, εeff is the effective permittivity 
characterizing effective properties of the medium. The 
dielectric properties εk(ω), k=1, 2, are obtained by means of the 
Cole Cole spectral function [43]. 
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with ( )0k  - static dielectric permittivity, ( )k   - high 
frequency dielectric permittivity, τk – relaxation time, αk – 
distribution parameter, σk – DC conductivity. On the basis of 
the described methodology, the dependences of the effective 
permittivity upon frequency for different cases (differences in 
the volume fraction f, permittivities of the building blocks 
(cells)) have been attained. It should be mentioned, that the 
effective permittivity was obtained theoretically by means of 
Skipetrov model (Eq. (2)). The spatially dependent volume 
fraction has been extracted from the digitized images and 
included into the effective medium model (Eq. (2)). The former 
assumes the prior knowledge of the frequency-dependent 
permittivity of the building block (cells) characterized by (Eq. 
(3)). The outstanding feature of the described model is the 
possibility of the extraordinary nature of the effective 
permittivity. This is illustrated by the peak of effective 
permittivity curve in the certain case at the frequency range (0-
10 THz) [35] if the total amount of the glioma cells in the 
sample exceeds 5%.  
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Figure 2. Example of the dependence of the effective 
permittivity upon frequency for the case of mouse brain cancer 
(blue) and healthy tissue (red) [35] 
 
As it was discovered in [35] (Fig. 2) effective permittivity 
values are negative. The former takes place due to the 
characterization of the cells by means of the Cole Cole spectral 
function (Eq. 3). It should be mentioned, that the biological 
sample described by the metamaterial [35] experiences 
extraordinary behaviour. The former takes place because of the 
certain amount of glioma cells exceeding the certain limit, i. e. 
5%. It is worthwhile mentioning that the minimum detectable 
tumor area is 0.3 µm2. It can be concluded, that the tissue is 
cancerous because of the extraordinary behaviour of the 
effective permittivity curve. It is clearly observed, that there is 
a certain peak at the frequency around 0.1 THz. Consequently, 
extraordinary nature occurs, when the amount of unhealthy 
specimen(s) in the sample exceeds the certain limit. Based on 
the obtained results, the high amplitude peak is found in the case 
of 154 M [35] sample. The former serves as the evidence of the 
presence of the highly cancerous tissue zones [35] in the 
sample. The higher amplitude of εeff corresponds to the later 
stage cancer. In this, stage refers to the extent of cancer and is 
based on factors such as dimensions o the tumour and 
possibility for it to spread. Aiming to approbate created 
algorithm the randomly chosen tissue samples (25 instances) 
have been considered. The described metamaterial approach 
allows for a precise recognition of the healthy and cancerous 
tissues. The obtained results have been approved by the 
histological analysis with 100% success rate [35]. 
III. CNN-BASED ANALYSIS OF LIVER BIOPSY IMAGES AFTER 
MMF APPLIED 
The digitized images of the mouse liver biopsies are 
presented in Fig. 3. The staining procedure for histological 
preparations was carried out under standard conditions. The 
sections were of the same thickness, certified dyes were used, 
the same staining time and temperature were applied. The 
internal quality control process was handled by the histologist 
and pathologist independently. Some visual discrepancy in 
color is due to different increases in preparations. Figure 3A 
shows liver tissue. The degree of staining of the cytoplasm here 
is somewhat different from Figure 3 D, but fully corresponds to 
the picture that the researcher sees in the microscope, which is 
important. Figure 3 D shows more eosinophilic staining in areas 
of connective tissue (between tumor cells), there are no such 
areas in Figure 3 A. 
All the types of the cells have been recognized by K-means 
clustering approach. The segmentation aims to classify the cells 
into different groups. By calculating effective permittivity plots 
after careful investigation of the cells permittivities (Eq. 3), 
MMF approach [35] allows to detect cancerous locus within the 
biopsy images.  
In the proposed K-means clustering method, a liver biopsy 
image consists of regions that represent cancer cells, the 
background and the connective tissue. In these data sources, 
visual judgements suggest three primary clusters, when k=3. 
Figs. 3B-H show the image labelled by cluster index from the 
K-means process for different kinds of feature vectors. Using 
index labels, we can separate objects in the liver image by three 
colours:  white, blue, pink.  The final segmentation results 
generated by histogram clustering are shown in Figs. 3B-H.
 
A B C 
Healthy liver biopsy image 
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Figure 3. Representative images of liver biopsy samples: A, D, G – original images of Hematoxylin and Eosin stained biopsies; 
B, E, H- images obtained by K-means clustering approach; C, F, I – images with the highlighted cancerous/noncancerous areas 
(yellow lines depict cancerous regions detected by MMF). 
 
As it can be observed in Figs. 3F, I, the applied metamaterial 
approach allows to perform a precise segmentation and 
classification of the cells composing the biopsy. Doing so, the 
errors occurred at the image digitization stage fulfilled by 
applying K-means clustering approach can be easily detected 
by the MMF. The healthy areas in Fig. 3F, I are marked by the 
yellow areas. 
IV. CONCLUSIONS 
Here we accustomed MMF approach for automated and 
comprehensive cancer cell detection in biopsy images with high 
proximity to be used further for clinical diagnostics. This 
advanced approach allows to simplify the image digitization 
procedures since there is no need for the precise recognition of 
the cancerous cells at early stages of the data analysis. Then 
cancer cell recognition itself is performed by estimation of the 
cells permittivity with consequently applied effective medium 
approximation which considers properties of the whole image 
as a disordered metamaterial model. The main advantage of the 
proposed technique is its capability to detect the scale of the 
tumour development giving a powerful diagnostic tool for 
fighting cancer clinicians. The described formalism can serve 
as identification of tumour locus, helping in decision making on 
cancer propagation level in the sample. 
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